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Abstract 
We present a novel concept of electric power generation from a spatial temperature gradient, achieved by integrating 
pyroelectric generators (PEGs) into a self-oscillating micro heat engine. The micro heat engine moves the PEGs 
between a hot and cold reservoir, thus bringing them in an alternating contact with a higher and lower temperature. 
By their pyroelectric nature, the PEGs convert this periodic temperature variation into electrical energy. The micro 
heat engine is fabricated from a 280 μm thick bimetallic strip and the PEGs from a 250μm thick PZT sheet. At an 
oscillation frequency of 0.19 Hz the device generates 4.4 μW of electrical power from a 96 K temperature difference. 
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1. Introduction 
Energy harvesting has been pursued as an alternative to power sensors or sensor networks, in lieu of 
batteries or wired connections. Thermoelectric generators (TEGs), despite their low efficiencies, are 
currently utilized to harvest energy from existing spatial thermal gradients. Pyroelectric generators (PEGs) 
can also be employed to convert thermal energy into electrical energy [1,2]. However, unlike TEGs, they 
require dynamic temperature variations to generate electrical power, following: 
 
 
where p is the pyroelectric coefficient, A the area, d the thickness, İr is the relative permittivity of the PEG 
and ǻTp and f are the net temperature difference and frequency, respectively, of its thermal profile [1]. 
The reason, why this generator principle is not common up to now may be that rapid temperature 
variations do not occur in many applications. We have therefore recently presented a self-starting 
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mechanism, commonly known as a micro heat engine, that produces temperature variations over a PEG 
using an alternative tapping onto two stationary heat reservoirs [1]. This device was fabricated via silicon 
micromachining and generates 3 μW of electrical power from a temperature difference of 79.5 K [1], 
when operating with a frequency of 0.42 Hz. This publication describes a simplified micro heat engine 
employing a novel, more simple and robust concept. The novel device uses a bimetallic strip instead of a 
cavity covered with a buckling membrane, see [1]. The strip is also used in a bistable configuration to 
transport heat between two reservoirs by self-oscillation, driven by its internal thermo-bimetal effect. In 
difference to our first generation engine, this device is fabricated using conventional machining, laser 
micromachining and other non-cleanroom tools. 
2. Function principle 
The basic operation of the micro heat engine is illustrated in Figures 1a,b. A bimetallic strip is mounted 
between two suitable bearings in a buckled state and placed between a hot and cold thermal reservoir. 
When the midspan of the beam is in contact with the heat source the bimetal heats up, which generates a 
thermally induced bending moment [3]. Once the bending moment exceeds a threshold, the whole beam 
snaps upward into its second stable position, where its midspan comes in contact with the heat sink. As 
the beam cools down, bending moments in opposite direction are generated. Again, the beam snaps 
downward at a certain threshold and comes in contact with the heat source. The whole cycle is repeated, 
leading to a stable, self-starting mechanical oscillation with an intermittent transfer of heat energy from 
the source to the sink. Thus, the micro heat engine as well as all mating surfaces to the hot and cold side 
sees periodically varying thermal transients. These thermal transients are converted into electrical energy 
by attaching a PEG to the micro heat engine, that is now operated under a periodic temperature variation. 
The operational characteristics of such an engine, viz. frequency, heat transferred etc., depend on the 
bearings, the axial pre-stress and the lateral pre-stress (net deflection) of the bistable buckled beam. The 
bearings play an important role in deciding the snap-up and snap-down down temperatures [4,5]. To 
accomplish this, special bearings, as show in Figures 1a,b are utilized. A closer examination shows that 
almost no bending moments exist in such bearings, which is favourable for an efficient engine operation. 
3. Numerical Simulation 
A 2D model of the bistable buckling beam was simulated in Ansys 13.0 to obtain the deflection 
characteristics. Figure 1c shows the deflection of the beam’s midspan with temperature, for different net  
Figure 1: a) shows the engine in upstate and b) in down state. c) shows the snapping behavior of the midpoint 
of the beam for different values of net deflection/lateral pre-stress. 
(a) (c) (b) 
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deflections of the beam: With a higher lateral pre-stress or lower net deflection, the temperature 
difference ǻTsnap between the upward (Tup) and downward (Tdown) snapping points decreases. This is 
explained with the lower thermal moment required to overcome the reduced threshold of the bistable 
buckling beam. When the engine is operated with very low lateral pre-stress or greater net deflection, the 
beam deflects upward slowly before flipping to the other state, whereas, with high lateral pre-stresses or 
smaller net deflections, a direct and abrupt snapping occurs. A similar snapping behaviour exists for the 
other locations in the beam. Modifying this model to predict the dynamic characteristics, e.g. the 
oscillation frequency or the time-dependent thermal profile in the beam, is complicated. For this purpose 
a lumped parameter electrical network (LPEN) model of the heat engine has been developed as shown in 
Figure 2a [1]. The model uses thermal resistances and capacitances to derive the dynamic thermal effects 
inside the beam. Thermal interactions with the ambient air were kept constant. A sensing node close to 
the midspan was taken as an indicator for the snapping effect. Following the results of the initial Ansys 
simulations, a sudden snapping action was assumed when the temperature at the sensing node reached a 
particular value, if the net deflection/lateral pre-stress is kept below a particular value. This snapping was 
emulated with thermal switches (S) closing and opening the thermal path to the hot and cold reservoir. 
4. Fabrication and Testing 
A 40×6×0.28 mm3 beam is fabricated from bimetallic sheet (type MS, Rau GmbH). This material exhibits 
a very high specific deflection of 43.1×10-6 /K to enable a small ǻTsnap. The bearings are fabricated from 
PEEK, with a right angled wedge-shaped slot that supports the beam ends. The test setup used to validate 
the LPEN model is shown in Figure 2b. The Peltier heat sink and source, which are thermally controlled 
using a Labview 8.2 based user interface, are mounted on precision XYZ- and Z- stages, respectively. 
These stages, coupled with a Keyence LK-G32 laser distance sensor, facilitate a fine adjustment of the net 
deflection of the engine and subsequently, the lateral pre-stress. As the beam and source/sink are made of 
metals, the mating interface is electrically conductive. Hence, a simple electrical circuit helps to 
determine the beam contact with the source or sink, and thereby the oscillation frequency. From the 
measured time period measured, the operational frequency is calculated for the temperature  
S 
S 
Figure 2: a) shows the LPEN model of one half of the engine. Due to symmetry only the right half is modeled. 
b) shows the test setup used to validate the model. 
(a) (b) 
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difference between the source and sink (ǻThc). The experiment is repeated by varying ǻThc between 30 
and 72 K. The LPEN model is then simulated in PSpice for different values of snapping temperatures. A 
comparison of the best fitting simulation results and experimental values is shown in Figure 3a. The plot 
shows a good correlation between the simulations and experiments, thereby validating the model. In 
another experiment, a 10 × 10 mm2 sized PEG, fabricated via laser trimming from a 250 μm thick VIBRIT 
1100 PZT sheet, is attached to the top of the oscillating beam to generate useful electrical power. The 
assembly was run on the same test setup for different values of ǻThc. The voltage waveforms were 
recorded using a Keithley 6514 Electrometer coupled to a Tektronix TDS2014 oscilloscope. The power 
generated is then calculated as in [1]. A plot of the power generated by the harvester, as well as its 
operational frequency, is shown in Figure 3b. 4.4 μW of power is generated from a ǻThc of 96 K. The 
slope of power and frequency variation indicates that the energy generated per cycle is nearly constant. 
5. Conclusions 
We have up to now demonstrated a micro heat engine fabricated from a bimetallic strip. The deflection 
characteristics of the engine have been simulated using Ansys. On the basis of the deflection 
characteristics, an LPEN model of the engine has been developed and validated. Finally, a PEG has been 
integrated into the micro heat engine and characterized, to demonstrate the potential of the harvester. The 
power generated by the harvester is comparable to that generated by the system described in [1]. 
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Figure 3: a) shows the comparison on measured and simulated values of operational frequency. The electrical 
power generated, by the harvester as well as its frequency is shown in b). 
(a) (b) 
